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The prospect of controlling the magnetization (M) of a material is of great importance from the viewpoints 
of fundamental physics and future applications of emerging spintronics. A class of rare-earth orthoferrites 
RFeOs (R is rare-earth element) materials exhibit striking physical properties of spin switching and 
magnetization reversal induced by temperature and/or applied magnetic field. Furthermore, due to the 
novel magnetic, magneto-optic and multiferroic properties etc., RFeOs materials are attracting more and 
more interests in recent years. We have prepared and investigated a prototype of RFeOs materials, namely 
SmFeOs single-crystal. And we report magnetic measurements upon both field cooling (FC) and zero-field 
cooling (ZFC) of the sample, as a function of temperature and applied magnetic field. The central findings of 
this study include that the magnetization of single- crystal SmFeOs can be switched by temperature, and 
tuning the magnitude of applied magnetic field allows us to realize such spin switching even at room 
temperature. 

The emergent spintronics calls for novel materials with unprecedented controls of magnetism^"^. Rare-earth 
orthoferrites RFeOs (R is rare-earth element) materials are excellent examples to show temperature and/or 
magnetic field induced spin switching and magnetization reversaP'^"^, intriguing magnetic^"^°, magneto- 
optic^'^ ^"^^ and multiferroic ^^"^^ properties. RFeOs possesses two magnetic sublattices, from 4f-electrons of the 
rare-earth ions (R-sublattice) and 3d-electrons of the iron ions (Fe-sublattice), respectively. At relatively higher 
temperatures, a weak ferromagnetism (FM) originates from the canted antiferromagnetism (AFM) in the Fe- 
sublattice while the R-sublattice only orders antiferromagnetically at much lower temperatures. Moreover, 
there exists a delicate exchange interplay between R 4f- and Fe 3d-electrons in these complex oxides. As a result, 
interesting magnetic behaviors are strongly dependent on several external stimulations, such as applied magnetic 
field, temperature, and pressure etc. 

Among many family members of RFeOs, SmFeOs has been shown to have excellent device characteristics such 
as the fast magnetic switching^, and an easy axis rotation transition (also known as spin reorientation transition) 
from c-axis to a-axis which occurs at quite high temperature between 75^^^=450 K and 75^^=480 K^^'^^ (see 
Figure 1). This is the highest spin reorientation transition temperature of the whole RFeOs family, which indeed 
deserves special attention for practical uses. At the same time, the interplay between Sm 4f- and Fe 3d-electrons is 
also intriguing^^'^^"^°. For example, below 4 K, SmFeOs exhibits an interesting phenomenon of spontaneous 
magnetization reversal. This reversal is attributed to the activation of the long range ordering of Sm^^ spins 
whose total magnetic moment is antiparallel to the weak ferromagnetic moment of canted AFM ordering of Fe- 
sublattice^^. Moreover, the onset of strong competition interplay between Sm-4f and Fe-3d electrons can be 
observed to occur at a relatively high temperature of 140 K, below which the total magnetization is monotonically 
suppressed and dramatically reversed sign at low temperature^'^^'^". 

We first look at the notable feature of single crystal SmFeOs well above room temperature. The magnetic 
anisotropy dependence of temperature can be obtained by applying external magnetic fields along a- and c-axes, 
i.e. H//a and H//c to measure magnetizations and M^, as illustrated in Figure 1. The magnitude of the applied 
magnetic field is H=300 Oe. Below its Neel temperature T^=680 K, SmFeOs becomes a canted antiferromagnet 
with an FM vector from Fe-sublattice along c-axis as indicated by the red curve. The marked region in a dashed 
rectangle near 450-480 K exhibits the spin reorientation transition of the Fe-sublattice, where M^-T and M^-T 
show crossover behavior with exchanged magnetization magnitude. This continuous transition (so-called T2{Gz, 
Fx) to T4(Gx, Fz) magnetic configuration, i.e. canted G-type AFM and resultant weak FM along a, c directions) is in 
good agreement with that reported in Refs. [14,18,20] for SmFeOs single crystal. 

We further discover here, below a certain critical point near room temperature, M^-T curves after FC and ZFC 
may exhibit interesting magnetic behaviors of opposite signs (green and black curves in Figure 1). At such critical 
temperature (7^5^=278. 5 K for H=300 Oe), we observe a very sharp magnetization jump that clearly demon- 



SCIENTIFIC REPORT; | 4 : 5960 | DO!: 1 0. 1 038/srep05960 



1 




Temperature (K) 



Figure 1 | (Left part below 350 K) Temperature dependence of the 
magnetizations of SmFeOs single crystal measured along the a-axis under 
ZFC (black squares) and FC (green circles) regimes. The measuring fields 
are H=300 Oe, and the measurements are performed in a process of 
increasing the temperature. The left inset shows zoom-in region near the 
critical temperature, and the right inset shows zoom-in region near the 
magnetic jump at Tssw=2783 K. The red and blue arrows schematize the 
evolution of the magnetizations arising from Sm (in red) and Fe (in blue) 
ions for the FC curve (green circles). (Right part above 300 K) 
Temperature dependence of the magnetizations of SmFeOs single crystal 
measured along the a- and c-axes (cyan and red circles). The dashed 
rectangle highlights the spin reorientation transition from a-axis to c-axis 
for the FM vector of Fe-sublattice between 450 and 480 K. The photograph 
at lower right corner illustrates single crystal SmFe03 grown by the 
floating-zone method. 

strates to a spin switching transition. For both FC and ZFC, a com- 
pensation temperature (T^omp— 3.9 KforH=300 Oe) corresponding 
to zero magnetization is obtained. Note that near T^omp^ ^a-T dra- 
matically decreases in magnitude and changes its sign, whereas M^-T 
curve remains essentially a zero magnetization below Tsri. In the FC 
case, Ma-T shows a less temperature-dependent form in a large 
temperature range of 100-350 K, and two strongly temperature- 
sensitive regimes at the compensation and spin-reorientation tem- 
peratures. This measured behavior of M^-T after the FC is also in 
consistent with Refs. [7,14,20] when H= 100 or 500 Oe, but the more 
interesting M^-T curve measured after the ZFC has never been 
reported. 

Let us now focus on the M^-T measured after the ZFC along a-axis 
of single-crystal SmFeOs as shown in Figure 2, under an applied 
magnetic field of H=300 Oe. When we increase the temperature 
from 3 K to 350 K, the total magnetization falls rapidly and 
changes sign by crossing a full annihilation (zero magnetization) at 
3.9 K, and then achieves a relatively saturate negative magnetization 
above 100 K. Note that a similar compensation behavior was also 
reported in other RFeOs (R= Nd, Er)''^' and in RMnOs (R= Nd, 
gj^^22-24 sys^gj-Qs As consistent with what is advocated in the literat- 
ure, we interpret such feature as indicative that the resulting mag- 
netization associated with the FM vector of Sm-sublattice 
considerably decreases in size (with respect to that of Fe-sublattice) 
when the temperature increases (see the red and blue arrows illus- 
trating the relative directions and magnitudes of FM vectors of Sm- 
and Fe-sublattices). At Tcomp^3.9 K, the FM vector of Sm-sublattice 
is equal in magnitude to that of Fe-sublattice but reversed in direction 
(AFM-type coupled with each other), producing in a vanishing total 
magnetization. For temperatures above Tcomp^3.9 K and below 
7^5^= 278.5 K, the FM vector of Sm-sublattice becomes smaller than 
that of Fe-sublattice (and still reversed in direction), therefore 
explaining why the total net magnetization is negative. After a fast 
decrease, the total magnetization reaches its relative saturation in the 
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Figure 2 | Temperature dependence of the magnetization of SmFeOs 
single crystal measured along a-axis under ZFC regime. The measuring 
field is 300 Oe, and the measurements are performed by increasing the 
temperature. The arrows schematize the predicted evolution of the 
magnetizations arising from Sm (in red) and Fe (in blue) ions. The inset 
shows zoom-in region near the critical temperature of spin switching 
transition. 

temperature region of 100-278.5 K, since the magnetic ordering of 
the Sm-sublattice is weakened by temperature much faster than that 
of the Fe-sublattice. 

Figure 2 also highlights the main finding of this work, namely a 
remarkable first-order transition at Tssw= 278.5 K. The magnetiza- 
tion undergoes a sudden jump with another sign change from nega- 
tive to positive value, showing a mirror-like symmetry with respect to 
zero magnetization at transition point. We note that the observed 
switching with temperature is not reversible, since our ZFC curve is 
obtained in a warming up process. This distinctive spin switching 
effect should thus be associated with a spontaneous spin-flip trans- 
ition of Sm- and Fe-sublattices at the same time, accompanied by an 
exchange of their FM vector directions. This is in analogy with what 
we observed in NdFeOs near 29 K when H= 100 Oe^. However, the 
negative Ma exists in a much wider temperature range from 
Tcomp— 3.9 K to near room temperature of 7^5^=278.5 K in 
SmFeOs system, whereas in NdFeOs it only happens in a narrow 
temperature region from 7.6 K to 29 K. This indicates that the 
unyielding feature of Sm-sublattice that keeps its magnetization par- 
allel to the field H and antiparallel to magnetization of Fe-sublattice 
up to a high temperature (even at 75^^=356 K for H=250 Oe as 
shown below). This striking result reveals an evidence for the exist- 
ence of strong interaction between Sm-4f and Fe-3d electrons in 
SmFeOa system. And we speculate that the Sm-sublattice may have 
a long-range ordering to some extent even near room temperature. 

In order to study the relationship between the spin switching 
temperature T^sw and the applied magnetic field H with a possible 
modulation, we have measured the M^-T curves (in ZFC regime) 
under different H. We find that Tssw can be readily controlled in a 
wide temperature range by varying the magnitude of the applied 
magnetic field, as shown in Figure 3. Thus, Tssw is observed to be 
very field-sensitive, but the magnitudes of the positive and negative 
Ma around Tssw is less sensitive to the initial increase of field 
(Figure 3a, Figure 3b). As the applied magnetic field is strengthened 
from 250 Oe to 20000 Oe, Tssw changes dramatically from 356 K to 
4 K (Figure 3c). Note that for a large H >2000 Oe, the switched M 
values from negative to positive will become nonsymmetrical and a 
smaller spin jump to positive M will be observed. It is clear that, 
under low magnetic field of 250-600 Oe, Tssw covers the most useful 
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Figure 3 | Temperature dependence of the magnetization of SmFeOs 
single crystal under different applied fields, measured along a- axis in ZFC 
regime. (a)> the field H changes from 250 Oe to 800 Oe; (b), the field H 
changes from 800 Oe to 20000 Oe; (c), the relationship of spin switching 
temperature T^sw versus magnetic field H. 

temperature regime from 356 K to about 20 K and possible spin 
switching or magnetic sensor devices can be easily designed. For 
higher fields of 700-1000 Oe, the T^^^-H curve undergoes a knee 
point transition. And for the further high field of H>2000 Oe, the 
Tssw-H curve starts to reach a saturation. When H is 10000 Oe or 
higher, the negative magnetization and Tcomp totally vanishes, 
whereas the residual spin switching transition T^sw can still be 
observed with a very small magnetization jump, and the total mag- 
netization Ma is aligned parallel to the direction of field H. 

According to the previously reported work, the rare earth Sm ions 
in SmFeOs system seem to establish long-range ordering below 
140 which is the highest temperature in the rare earth ortho- 

ferrites RFeOs compounds. For other RFeOs systems like R=Nd, Er, 
Ho, etc., their onset temperatures of long-range ordering of rare earth 
sublattices are all below 100 K. Our first-principles calculation 
study^° for NdFeOs system indicates that the spin reorientation 
transition of Fe-sublattice can be ascribed to the exchange interaction 
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Figure 4 | Magnetic field dependence of the magnetization at the spin 
switching temperature of SmFeOs single crystal, where the "lower" and 
"upper" refer to the magnitudes of magnetization before and after the 
spin switching transition, respectively; the "average" refers to the 
midpoint magnetization of the "lower" and "upper"; the upper inset 
shows zoom-in region marked by the dashed black rectangle for the field 
ff<2000 Oe; the lower inset shows the magnetization jump (AM) before 
and after the spin switching transition as a function of magnetic field. 

between Nd-4f and Fe-3d electrons, which are mediated by 0-2p 
state. As the temperature decreases, the superexchange angle of Fe- 
O-Fe gets larger, the Fe-O and Nd-O bonds become more covalent, 
and the exchange interactions become stronger. This study reveals 
that 4f- electrons of rare earth ions play the main role in triggering the 
spin reorientation transition of Fe-sublattice. The magnetic prop- 
erties (magnetization) of RFeOs below spin reorientation temper- 
ature should be dominated by the rare-earth sublattice, which is FM- 
coupled or AFM-coupled with the net FM vector of Fe-sublattice. For 
our case of SmFeOa system, the delicate interactions among R-R, R- 
Fe, and Fe-Fe ions, and the role of rare earth Sm-sublattice are similar 
with other RFeOa family members. Nonetheless, the uniquely high 
TsR window (450-480 K) well above room temperature makes 
SmFeOs system an exceptional material with spin switching T^sw at 
work near room temperature. Above T^^^, for both ZFC and FC, the 
total magnetization stays parallel to the a-axis and slightly decreases 
with increasing temperature until the spin reorientation transition 
region of Fe-sublattice (Figure 1). This result suggests the gradual 
decrease of FM vector from Fe-sublattice and the progressive dis- 
appearance of the long-range ordering moments of Sm-sublattice, as 
consistent with literature of RFeOs materials^^. 

Figure 4 shows the magnetic field dependence of the magnetiza- 
tion at the spin switching temperature of SmFeOa single crystal, 
where the "lower" and "upper" data refer to as the magnitudes of 
magnetization before and after the spin switching transition, respect- 
ively. The green data in between are arithmetic average value of red 
and blue ones. When H<700 Oe, the spin switching behavior has a 
mirror symmetry between the negative and positive magnetizations, 
with their average being precisely equal to zero. When we apply an 
enhanced field of H= 700 Oe and higher, such average magnetiza- 
tion shifts to more positive values as H increases. Moreover, the 
magnetization jump AM (or the magnetization difference) before 
and after the spin switching transition increases and then decreases 
with increasing H, by showing a peak at H= 500-600 Oe. From 
Figure 3 and Figure 4, we verify that the spin switching effect is 
significantly suppressed by the applied field larger than 800 Oe, 
but is perfectly controllable at modestly low field. When H is higher 
than 1000 Oe, the transition temperature T^^^ is suppressed to be 
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below 10 K, and the magnetization jump AM becomes more and 
more inconspicuous. Thus our experiments reveal the properly 
applied magnetic field may result highly versatile magnetic state 
due to the Sm-4f and Fe-3d magnetic sublattices. This feature makes 
SmFeOa an easily manipulated candidate for practical application of 
spin switching devices by using very low field. Furthermore, it is 
likely that the key role of rare earth Sm ions might be found in many 
other perovskite ABO3 compounds. Since the Sm-4f electrons may 
trigger novel effects of spin state transitions near room temperature, 
they may be applied in the future spintronics, quantum computa- 
tions and quantum communications. 

Figure 5 shows the magnetic field dependence of the compensa- 
tion temperature T^omp of SmFeOs single crystal for the applied field 
H= 0-2000 Oe. Overall, T^omp is relatively independent of the 
appUed field, in a narrow range of 3.5 ~ 4.5 K. For larger field beyond 
2000 Oe, the magnetization becomes always positive in the whole 
range of temperature. The slight rise of T^omp with the increasing field 
is because that the magnetic field enhances the value of the positive 
magnetization at the lower temperatures. Note that interestingly 
Tcomp-H curve shows a small dip when H= 700-900 Oe, which is 
corresponding to the inflection point in the T^^^-H curve in 
Figure 3c and the sharp decrease of AM in Figure 4. These details 
again demonstrate that the strong exchange interaction between the 
Sm-4f and Fe-3d electrons renders SmFeOs possessing extremely 
alterable spin configurations by small perturbations like weak mag- 
netic field, especially near room temperature. 

Let us now come back and pay more attention to the first- order 
transition occurring at T^sw^ since such a sharp spin -reversal trans- 
ition may be put in use for designing novel spin switching or 
magnetic sensor device. One may wonder what the origin of that 
first-order transition is. It is important to realize that, in addition to 
the exchange interaction between Sm-4f and Fe-3d electrons that 
result in opposite, temperature-dependent magnetizations in the 
Sm- and Fe- sublattices, the investigated rare-earth orthoferrite has 
also another energetic preference: it desires to have a total ferromag- 
netic moment being aligned along the field's direction. Such desire 
should become more and more pronounced, with respect to the 
interactions between Fe-3d and Sm-4f electrons, when increasing 
the magnitude of the applied field. Figure 3 indicates that this is 
indeed the case since enhancing the magnetic field from 250 to 
2000 Oe significantly shifts Tssw towards lower temperature, there- 
fore leading to a maximum negative magnetization that considerably 
reduces. In fact, for the field stronger than 2000 Oe, the interaction 
between the total magnetization and the applied field prevails over 
the intrinsic exchange interactions between Sm-4f electrons and Fe- 
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Figure 5 | Magnetic field dependence of compensation temperature of 
SmFeOs single crystal. 



3d electrons, since the magnetization is always positive for any 
studied temperature -- therefore annihilating the existence of a com- 
pensation temperature, but the temperature-induced spin flip is still 
observable through a very small jump (the so called spin switching 
effect in the above, see Figure 3). It is noticeable that, for the case of 
SmFeOa, the T^sw (under low field, such as 250 Oe) is much higher 
than that of other RFeOs compounds (such as 29 K for NdFeOs, 
65 K for ErFeOa under 100 Oe), and the transition temperature 
can be modulated to a temperature as high as 356 K. This outstand- 
ing feature exhibits an evidence of strong exchange interaction 
between Sm-4f and Fe-3d electrons in the SmFeOs system, since such 
an interaction coexists and lasts even up to room temperature. It is 
the strong Sm-4f and Fe-3d electrons interaction that makes SmFeOs 
single crystal unique and may be put in use for designing novel spin 
switching devices in the near future. For device technology where 
small magnetic field of mT is applied by current pulses, we might 
propose substitutional doping Sm by other rare earth, e.g. Nd, to 
further lower the switching field at room temperature. 

In conclusion, we have studied the temperature-induced multiple 
magnetic transition properties of single -crystal SmFeOs, by dem- 
onstrating spin reorientation, compensation and switching phenom- 
ena that originated from the Sm-4f and Fe-3d electrons and their 
interaction. In particular, SmFeOs possesses an extremely useful 
magnetization that is very sensitive to small field perturbations even 
at room temperature. This makes SmFeOs an easily manipulable 
candidate for practical application in spin switching devices by using 
very low field. Furthermore, this study indicates that the significant 
role of rare earth Sm ions in RFeOs or other perovskite ABO3 com- 
pounds should be focused both in experimental and theoretical 
study. Sm-4f electrons may trigger more novel effects of spin state 
transitions^^ near room temperature, which is desirable for the use of 
spin in future spintronics. 

Methods 

Single crystal of SmFeOs was grown in a four-mirror optical- floating- zone furnace 
(FZ-T-IOOOO-H-VI-P-SH, Crystal Systems Corp.) using four 1.5 kW halogen lamps 
as the infrared radiation source with flowing air. The temperature of the molten zone 
was precisely controlled by adjusting the power of the lamps. During the growth 
process, the molten zone moved upwards at a rate of 3 mm h"\ with the seed rod 
(lower shaft) and the feed rod (upper shaft) counter rotating at 30 rpm in air flow of 
5 L min"\ The compositional homogeneity and crystal morphology were analyzed 
by X-ray diffraction (XRD), and scanning electron microscopy (SEM) with energy- 
dispersive X-ray spectroscopy (EDX). All results confirmed the high homogeneity of 
the crystals studied. 

Measurements of magnetization as a function of temperature {M-T) and magnetic 
field (M-H) were performed using the Quantum Design Physical Property 
Measurement System (type PPMS-9) for temperatures below 400 K and the 
Lakeshore Vibrating Sample Magnetometer (VSM, type 7407) for temperatures from 
300 K to 750 K. For the zero -field- cooling (ZFC) measurement, the sample was 
progressively cooled down under zero magnetic field until the temperature of 3 K is 
achieved. A magnetic field was then applied, and the sample was heated under this 
field to measure the magnetization as the temperature increases. For the field-cooling 
(FC) measurement, the sample was progressively cooled down to the temperature of 
3 K under an applied magnetic field. Then, the sample was heated under the same 
field to measure the magnetization as the temperature increases. 
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